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Abstract
Equivalent photon approximation is used to calculate fiducial cross sections for dimuon production in
ultraperipheral proton-proton and lead-lead collisions. Analytical formulae taking into account experimental
cuts are derived. The results are compared with the measurements reported by the ATLAS collaboration.
1 Introduction
This year we celebrate the 111th anniversary of L. D. Landau. This paper is devoted to the modern state of the
problem first considered by L. D. Landau and E. M. Lifshitz in 1934 when they calculated the production cross
section of e+e− pair in ultrarelativistic heavy ions collisions [1]. We will demonstrate that this problem is still of
great interest.
In spite of many efforts, no New Physics has been found at the LHC so far. It might be a good time to
consider scenarios of appearance of New Physics at the LHC that were less attractive at the time when the
LHC was under construction. Although the LHC was conceived as a hadron-hadron collider, it also acts as a
photon-photon collider with the photons appearing in ultraperipheral collisions of hadrons. This idea is quite
old, and it was thoroughly considered during the construction and operation of the RHIC and the LHC [2–16].
However, since hadronic interactions were more likely to deliver the signal of New Physics, particularly in Higgs
boson properties, they received more attention in the literature and were given higher priority in the LHC
schedule. With the long shutdown of the LHC beginning at the end of 2018, it might be a good time to reconsider
photon-photon collisions at the LHC as a source of possible New Physics events so that the necessary detectors
adjustments could be made and, perhaps, more time for heavy ions collisions could be negotiated in the LHC
schedule.
The leading order Feynman diagram for an ultraperipheral collision is presented in Fig. 1 where instead of
lead nuclei there could be any charged particles. The distinctive signature of an ultraperipheral collision is that
the charged particles remain intact after the collision. These particles won’t have high transverse momentum, so
they are difficult to detect with just the main detectors of the ATLAS and CMS experiments, but there exist
additional detectors at low scattering angles (the ATLAS forward proton detector [17] and the CMS-TOTEM
precision proton spectrometer [18]). However, even without the forward detectors, ultraperipheral collisions
manifest through production of particles.
Let us compare proton-proton and lead-lead ultraperipheral collisions as possible sources of New Physics
events. Integrated luminosity delivered by the LHC in Run 2 in proton-proton collisions is over 150 fb−1 both for
the ATLAS and the CMS experiments [19,20]. Integrated luminosity delivered by the LHC in lead-lead collisions
in the heavy ions run was 0.7 nb−1 in 2015 [21] and 1.8 nb−1 in 2018 [19]. Cross section for an ultraperipheral
collision is proportional to Z4 where Z is the particle charge. For Pb, Z = 82, so we get that if there exists
New Physics that appears in γγ collisions, there will be (150 fb−1)/(824 · 2.5 nb−1) ≈ 1.3 times more events of it
during the whole Run 2 pp collisions than there were during the whole heavy ions run. However, Run 2 duration
was over 500 days (not counting the 2015 when only 4.2 fb−1 were delivered in pp collisions), while the heavy
ions run has lasted about 20 days in 2015 and 25 days in 2018. The Z4 enhancement of the cross section makes
the search of New Physics in ultraperipheral collisions of heavy ions at the LHC to look very promising.
The common approach to calculate cross sections of particles production in ultraperipheral collisions is to
use the equivalent photon approximation (EPA) [1,22–24] (see also [25–27]). To compare the result with the
experimental data, fiducial cross section has to be calculated, which is the total cross section after applying the
∗vysotsky@itep.ru
†zhemchugov@itep.ru
1
ar
X
iv
:1
80
6.
07
23
8v
4 
 [h
ep
-p
h]
  1
1 F
eb
 20
19
Pb
Pb
Pb
Pb
γ
γ
Figure 1: Feynman diagram for an ultraperipheral lead-lead collision.
experimental cuts on the phase space designed to reduce the background and to take into account detector blind
spots. The fiducial cross section is usually calculated from the total cross section with the help of the Monte
Carlo method (see, e.g., the SuperCHIC MC generator [28]). The equivalent photon approximation makes it
possible to apply the most common experimental cuts analytically, so often no Monte Carlo method is required.
In this paper, the equivalent photon approximation is used to calculate the cross section of the pp(γγ)→
ppµ+µ− reaction. Then three kinds of experimental cuts are applied in succession:
1. The cut on the invariant mass of muon pair
√
s: sˆmin < s < sˆmax.
2. The cut on muon transverse momentum pT : pT > pˆT .
3. The cut on muon pseudorapidity η: |η| < ηˆ.
Numerical values of these cuts vary from experiment to experiment and from measurement to measurement.
The result of the calculation is used to obtain the theoretical description for the experimental values provided by
the ATLAS collaboration [29]. In this measurement, sˆmin was chosen to be 12 GeV to avoid contributions from
vector meson decays into µ+µ− (the heaviest of vector mesons belong to the Υ family); sˆmax = 70 GeV; pˆT is 6
or 10 GeV depending on the invariant mass; ηˆ is 2.4 so that the muon will hit the muon spectrometer.
The same formulae are used to calculate the fiducial cross section for the reaction Pb Pb (γγ)→ Pb Pb µ+µ−
studied in Ref. [30].
2 Cross section of the µ+µ− production without cuts
The distribution of equivalent photons generated by a moving particle with the charge Ze is
n(~q)d3q =
Z2α
pi2
~q 2⊥
ωq4
d3q =
Z2α
pi2ω
~q 2⊥
(~q 2⊥ + (ω/γ)2)2
d3q, (1)
where q is the photon 4-momentum, ~q⊥ is its transverse component, ω is the photon energy, γ is the Lorentz
factor of the particle. For a proton with the energy E = 6.5 TeV, γ = E/mp ≈ 6.93 · 103. To obtain the
equivalent photon spectrum, one has to integrate this expression over the transverse momentum up to some
value qˆ. The value of qˆ should be chosen so that the parent particle does not break apart when emitting a
photon of such momentum. For the proton, qˆ = 0.20 GeV (see Appendix A for derivation). Hence, the equivalent
photon spectrum is
n(ω)dω =
2Z2α
pi
ln
(
qˆγ
ω
)
dω
ω
(2)
in the limit ω  qˆγ. This simple expression allows us to obtain analytical formulas for the cross section of muon
pair production with the experimental cuts.
Muon pair production in ultraperipheral proton-proton collisions in the leading order is described by the
Feynman diagrams in Fig. 2. The corresponding cross section is
σ(pp(γγ)→ ppµ+µ−) =
qˆγ∫
m2µ/qˆγ
dω1
qˆγ∫
m2µ/ω1
dω2 σ(γγ → µ+µ−)n(ω1)n(ω2), (3)
where ω1 and ω2 are the photon energies and σ(γγ → µ+µ−) is the Breit-Wheeler cross section [31]:
σ(γγ → µ+µ−) = 4piα
2
s
(1 + 4m2µ
s
− 8m
4
µ
s2
)
ln
1 +
√
1− 4m2µ/s
1−
√
1− 4m2µ/s
−
(
1 +
4m2µ
s
)√
1− 4m
2
µ
s
 , (4)
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Figure 2: Leading order Feynman diagrams for the pp(γγ)→ ppµ+µ− reaction.
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Figure 3: Integration domain of (3). The dashed line corresponds to s = 4m2µ. The domain is above the dashed
line and inside the square.
s = 4ω1ω2 is the invariant mass of the muons. The integration domain of (3) is presented in Fig. 3. It is
convenient to change the integration variables from ω1, ω2 to s and x where x = ω1/ω2. Then the integration
can be rearranged as follows:
σ(pp(γγ)→ ppµ+µ−) =
(2qˆγ)2∫
(2mµ)2
ds σ(γγ → µ+µ−)
(2qˆγ)2/s∫
s/(2qˆγ)2
dx
8x
n
(√
sx
4
)
n
(√
s
4x
)
=
α2
2pi2
(2qˆγ)2∫
(2mµ)2
ds
s
σ(γγ → µ+µ−)
(2qˆγ)2/s∫
s/(2qˆγ)2
dx
x
ln
(2qˆγ)2
sx
ln
[
(2qˆγ)2
s
· x
] (5)
(note the symmetry of the integral under the x→ 1/x replacement). Thus, we get
σ(pp(γγ)→ ppµ+µ−) = 16α
2
3pi2
(2qˆγ)2∫
(2mµ)2
ds
s
σ(γγ → µ+µ−) ln3 2qˆγ√
s
. (6)
Since σ(γγ → µ+µ−) falls as 1/s for s 4m2µ, in the leading logarithmic approximation the logarithm in
this expression should be taken at s = 4m2µ. Then
1
σ(pp(γγ)→ ppµ+µ−) = 8 · 28
27
α4
pim2µ
ln3
qˆγ
mµ
. (7)
In this formula, when the masses of the produced particles m are considerably less than qˆ, the latter should be
replaced with m.2 This is precisely the case of the cross section for e+e− pair production considered in Ref. [1].
Another difference from Eq. (37) in Ref. [1] is that Ref. [1] considers the collision in the laboratory frame where
the nucleus is at rest and γ ≡ γc.m.s. = (γlab/2)1/2.
For a proton-proton collision at the LHC with the energy of 13 TeV,
σ(pp(γγ)→ ppµ+µ−) ≈ 0.22 µb. (8)
1 An incorrect spectrum of equivalent photons was used in [32, Eq. (1.4)] (ln2(E/me) should be replaced with ln(E/ω1) ln(E/ω2)
inside the integral), which resulted into an extra factor of 3/2 in Eq. (5.4) and note [23] in the same paper. This error was later
propagated into [25, Eq.(5.4)]. See [27, the second footnote on page 256] for the discussion of similar errors often occurring in the
applications of the equivalent photon approximation.
2In the case of τ -leptons production, the factor qˆ/mτ remains and suppresses the cross section.
3
3 Cross section of the µ+µ− production with experimental cuts
3.1 Cut on the invariant mass of the µ+µ− pair
The cut on the invariant mass is trivial to apply: only the limits of the integration over s in (5) have to be
changed. For sˆmin < s < sˆmax,
σ
(sˆ)
fid.(pp(γγ)→ ppµ+µ−) =
sˆmax∫
sˆmin
ds σ(γγ → µ+µ−)
(2qˆγ)2/s∫
s/(2qˆγ)2
dx
8x
n
(√
sx
4
)
n
(√
s
4x
)
. (9)
When sˆmin  4m2µ, which is valid for the experiments considered in Section 4, a simplified formula for the
Breit-Wheeler cross section can be used:
σ(γγ → µ+µ−) ≈ 4piα
2
s
(
ln
s
m2µ
− 1
)
for s 4m2µ. (10)
In this case
σ
(sˆ)
fid.(pp(γγ)→ ppµ+µ−) =
64α4
3pi
sˆmax∫
sˆmin
ds
s2
(
ln
s
m2µ
− 1
)
ln3
2qˆγ√
s
. (11)
According to Eq. (6.27b) from [27], the inaccuracy of this formula originating from virtuality of the photons
equals
η ∼
(
qˆ2√
sminmµ
)2(
ln
4E2
smin
)−1
, (12)
where E is the energy of the colliding particles. The accuracy is very high for muon-antimuon pair production,
but it is considerably worse in the case of electron-positron pair production.
3.2 Cut on the muon transverse momentum
To apply the cut on muon transverse momentum pT > pˆT , an expression for the differential cross section of the
γγ → µ+µ− reaction with respect to pT should be substituted into (9) [33, Eq. (88.4)]:
dσ(γγ → µ+µ−) = 2piα
2
s
(
s+ t
t
+
t
s+ t
)
dt =
8piα2
spT
1− 2p2T /s√
1− 4p2T /s
dpT , (13)
where t is the Mandelstam variable, t = −s/2± s/2 ·√1− 4p2T /s, and muons are assumed to be ultrarelativistic.
The resulting expression is
σ
(sˆ,pˆT )
fid. (pp(γγ)→ ppµ+µ−) =
sˆmax∫
sˆmin
ds
√
s/2∫
pˆT
dpT
dσ(γγ → µ+µ−)
dpT
(2qˆγ)2/s∫
s/(2qˆγ)2
dx
8x
n
(√
sx
4
)
n
(√
s
4x
)
(14)
=
64α4
3pi
sˆmax∫
sˆmin
ds
s2
ln3
2qˆγ√
s
(
ln
1 +
√
1− 4pˆ2T /s
1−√1− 4pˆ2T /s −
√
1− 4pˆ
2
T
s
)
. (15)
3.3 Cut on the muon pseudorapidity
Pseudorapidity is defined as η = − ln tan(θ/2), where θ is the angle between the momentum of the muon and the
beam axis. Experimental cuts on pseudorapidity are related to the detector geometry. The muon spectrometer
of the ATLAS experiment is unable to detect muons with θ . 10◦ or θ & 170◦, hence the pseudorapidity cut
|η| < 2.4.
For a given value of the muon pair invariant mass s, muon pseudorapidities are determined by the ratio of
photon energies x. For x = 1 and for cuts on pT and s implemented in Ref. [29] (see Table 1), sin θ = 2pT /
√
s
is always larger than 2/7. Thus 17◦ . θ . 163◦, and the cut on η does not reduce the number of detected
muon pairs. However, for x 1 or x 1 muons propagate in the direction of the proton beam and escape the
detector. Thus, a cut on pseudorapidity can be naturally transformed into a cut on x:
|η| < ηˆ ⇒ 1/xˆ < x < xˆ, (16)
4
where
xˆ = e2ηˆ · 1−
√
1− 4p2T /s
1 +
√
1− 4p2T /s
(17)
(see Appendix B for derivation). In this case the expression for the fiducial cross section is
σ
(sˆ,pˆT ,ηˆ)
fid (pp(γγ)→ ppµ+µ−) =
sˆmax∫
sˆmin
ds
√
s/2∫
pˆT
dpT
dσ(γγ → µ+µ−)
dpT
xˆ∫
1/xˆ
dx
8x
n
(√
sx
4
)
n
(√
s
4x
)
(18)
=
4α4
pi
sˆmax∫
sˆmin
ds
s2
√
s/2∫
pˆT
dpT
pT
1− 2p2T /s√
1− 4p2T /s
xˆ∫
1/xˆ
dx
x
ln
(2qˆγ)2
sx
ln
(
(2qˆγ)2
s
· x
)
. (19)
4 Comparison with the experimental data
4.1 Muon pair production in proton-proton collisions
The ATLAS collaboration has measured the fiducial cross section of the pp → ppµ+µ− reaction at collision
energy equal to 13 TeV (γ = 6.93 · 103) with integrated luminosity 3.2 fb−1 [29]. The experimental cuts are
described in Table 1. The experimental result is
σ
(exp.)
fid. (pp→ ppµ+µ−) = 3.12± 0.07 (stat.)± 0.10 (syst.) pb. (20)
Results of successive application of cuts are presented in Table 2. The fiducial cross section is found to be
σ
(sˆ,pˆT ,ηˆ)
fid. (pp(γγ)→ ppµ+µ−) = 3.35 pb, (21)
and it is in agreement with the experimental value (20). Fig. 4 compares fiducial cross sections for several bins
of muon pair invariant masses with the experimental data provided in Table 3 of Ref. [29].3 The authors of
Ref. [29] compare their result with theoretical predictions obtained with the help of Monte Carlo method: the
SuperCHIC [28] program gives
σ
[28, 29]
fid. = 3.45± 0.05 pb; (22)
EPA prediction corrected for absorptive effects [34] gives
σ
[29, 34]
fid. = 3.06± 0.05 pb. (23)
Table 1: Experimental cuts for the fiducial cross section of the pp(γγ)→ ppµ+µ− reaction measured in Ref. [29].
Muon pair invariant mass range Muon transverse momentum Muon pseudorapidity
12 GeV <
√
s < 30 GeV pT > 6 GeV |η| < 2.4
30 GeV <
√
s < 70 GeV pT > 10 GeV
Table 2: Fiducial cross sections for the reaction pp(γγ) → ppµ+µ− calculated with the equivalent photon
spectrum (2) via Eqs. (6), (11), (15) and (19).
Cuts Cross section, pb
No cuts 1.7 · 105
12 GeV <
√
s < 30 GeV 54.1
59.7
30 GeV <
√
s < 70 GeV 5.66
12 GeV <
√
s < 30 GeV, pT > 6 GeV 5.38 6.29
30 GeV <
√
s < 70 GeV, pT > 10 GeV 0.91
12 GeV <
√
s < 30 GeV, pT > 6 GeV, |η| < 2.4 2.85 3.35
30 GeV <
√
s < 70 GeV, pT > 10 GeV, |η| < 2.4 0.50
3 Equivalent photon spectrum (2) was used to calculate the differential cross section in Fig. 4. Taking into account dipole form
factor (A.6) increases the cross section by less than 0.5% in the considered energy region. Magnetic form factor (A.3) increases the
cross section by ≈ 6%.
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Figure 4: Upper plot: fiducial cross section for the pp(γγ)→ ppµ+µ− reaction at proton-proton collision energy
13 TeV with the cuts described in Table 1. Points are the experimental data presented in Table 3 of Ref. [29].
The dashed line is the differential cross section calculated with the help of (19). The histogram is the differential
cross section averaged according to the bins also presented in Table 3 of Ref. [29]. Lower plot: ratio of the
calculated cross section to the experimental points.
4.2 Muon pair production in lead-lead collisions
The ATLAS collaboration has measured the fiducial cross section of the Pb Pb → Pb Pb µ+µ− reaction at
collision energy per nucleon pair equal to 5.02 TeV (γ = 2.69 · 103) with integrated luminosity 515 µb−1 [30].
The experimental cuts are:
• Muon pair invariant mass range: 10 GeV < √s < 100 GeV.
• Muon transverse momentum: pT > 4 GeV.
• Muon pseudorapidity: |η| < 2.4.
The experimental result is
σ
(exp.)
fid. (Pb Pb→ Pb Pb µ+µ−) = 32.2± 0.3 (stat.)+4.0−3.4 (syst.) µb. (24)
A heavy nucleus is easier to break apart than a proton. Maximum momentum transfer for a proton is
qˆ ≈ 0.20 GeV (A.8). The corresponding value for 208Pb heavily depends on the nucleus form factor, but it is
about an order of magnitude less. In the leading logarithmic approximation, maximum photon energy is 2qˆγ. For
the protons with the collision energy of 13 TeV, this value is 2.8 TeV, while for the lead-lead collision considered
in this section, it is about 100 GeV. Consequently, lead-lead collisions are much more sensitive to the shape of
electromagnetic form factor of colliding particles.
To calculate the fiducial cross sections, Eq. (18) was used with several equivalent photon spectra n(ω)
corresponding to different form factors [35,36]. Fig. 5 compares the results with the experimental data presented
in the left plot in Fig. 3 of Ref. [30].4 The spectrum with the form factor described by Fourier-Bessel parameters
from Ref. [36] (see Table 4) and the spectrum with the monopole form factor with the parameter Λ = 50 MeV
both describe the experimental data well. The leading logarithmic approximation with qˆ = 18 MeV (A.14)
4 The two sets of data points in the left plot in Fig. 3 of Ref. [30] are for two cuts on dimuon pair rapidity Yµµ. The cut on
dimuon pair rapidity is not considered in this paper. The cut |Yµµ| < 2.4 used for the upper curve corresponds to the cut |η| < 2.4.
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is accurate at low invariant masses, but at high invariant masses it underestimates the number of equivalent
photons. The reason is that in this region the assumption ω  qˆγ ≈ 50 GeV used in the derivation of Eq. (2) is
not valid. The form factor described by Fourier-Bessel parameters in earlier publication [35] (see Table. 4) and
its approximation with the monopole form factor with the parameter Λ = 80 MeV often used in literature [37–39]
result in the fiducial cross section about 1.5 times larger than measured.
Fiducial cross section calculated with the spectrum with the form factor obtained from Fourier-Bessel
parameters from Ref. [36],
σ
(sˆ,pˆT ,ηˆ)
fid. (Pb Pb (γγ)→ Pb Pb µ+µ−) = 34.4 µb, (25)
is in agreement with the experimental value (24). Cross sections calculated with successive application of the
cuts are summarized in Table 3.
The authors of Ref. [30] compare the measured result with calculations with the help of the STARLIGHT
program [40]:
σ
[30, 40]
fid. (Pb Pb (γγ)→ Pb Pb µ+µ−) = 31.64± 0.04 µb. (26)
Table 3: Fiducial cross sections for the reaction Pb Pb (γγ) → Pb Pb µ+µ− with the nucleus form factor
approximated by the monopole formula (A.11) with Λ = 50 MeV.
Cuts Cross section, µb
No cuts 1.92 · 106
10 GeV <
√
s < 100 GeV 264
also pT > 4 GeV 42.5
also |η| < 2.4 34.6
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Figure 5: Fiducial cross section for the Pb Pb (γγ)→ Pb Pb µ+µ− reaction at collision energy per nucleon pair
5.02 TeV with the experimental cuts of Ref. [30] (also described in the text). Points are experimental data from
the left plot of Fig. 3 of Ref. [30] (the upper curve). The lines were calculated with the help of (18). The red
dotted and black solid lines are calculated using the equivalent photon spectra with form factors from Refs. [35]
and [36] correspondingly. The green dash-dotted line corresponds to the spectrum with monopole form factor
with the parameter Λ = 50 MeV. For the blue dashed line the spectrum (2) was used with qˆ = 18 MeV.
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5 Conclusions
The LHC can be used to search for New Physics appearing in photon-photon collisions. Photon pair invariant
mass can reach 2qˆγ ≈ 2.8 TeV in pp collisions with the energy equal to 13 TeV and ≈ 100 GeV in Pb Pb
collisions with the energy per nucleon pair equal to 5.02 TeV.
The equivalent photon approximation permits analytical calculation of fiducial cross section. Leading
logarithmic approximation (2) provides both accurate results and relatively simple expressions at invariant
masses much less than qˆγ. At higher invariant masses form factors of the colliding particles have to be taken
into account.
Although experimental cuts greatly reduce the production cross section, high luminosity achieved at the
LHC makes it possible to observe µ+µ− pair production in ultraperipheral collisions.
We are grateful to A. N. Rozanov, discussion with whom triggered out interest to the LHC results on γγ
reactions, to I. I. Tsukerman for useful comments, to H. Terazawa for drawing our attention to papers [25,32], to
I. F. Ginzburg for a very useful discussion, to S. I. Godunov for the help with checking our numerical calculations,
and to B. O. Kerbikov for the references on heavy nuclei form factors. We were supported by the RFBR grant
16-02-00342.
A Equivalent photons momentum cutoff
Consider a charged particle at rest. Its electromagnetic field can be interpreted as a collection of virtual photons
with zero energy. Let q = (0, qx, qy, qz) be the momentum of such a virtual photon. When the particle is boosted
with the Lorentz factor γ  1 along the z axis, the photon acquires energy ω =
√
γ2 − 1 qz approximately equal
to the photon momentum in the boost direction γqz. The virtuality of such a photon, −q2 = q2x + q2y + q2z  ω2,
so the photon can be considered real, and this is the essence of the equivalent photon approximation.
To obtain the spectrum of virtual photons n(ω) (2) of a moving particle, the distribution of virtual photons
n(~q) d3q (1) has to be integrated over the photon transverse momentum q⊥ =
√
q2x + q
2
y. This integral is
logarithmically divergent at high q⊥, and a cutoff is required. In a collision, if a proton (or a nucleus) emits
a virtual photon of sufficiently high momentum, the proton breaks apart. Thus, a natural estimation for the
cutoff value qˆ would be the inverse radius of the proton or the QCD scale ΛQCD which is in the range of
200–300 MeV [41, Section 9]. In the case of e+e− pair production, qˆ = me since contribution of the q⊥ > me
domain is power suppressed.
A more rigorous approach to obtain the cutoff value qˆ for proton is to consider the proton form factor.
The Dirac form factor is [42]
F1(q
2) =
GE(q
2) + τGM (q
2)
1 + τ
, (A.1)
where τ = −q2/4m2p,
GE(q
2) =
1
(1− q2/Λ2)2 (A.2)
is the electric form factor,
GM (q
2) =
µp
(1− q2/Λ2)2 (A.3)
is the magnetic form factor, µp = 2.79 is the proton magnetic moment and Λ
2 = 0.71 GeV2. Eq. (A.1) can be
rearranged as follows
F1(q
2) = GD(q
2)
[
1 +
(µp − 1)τ
1 + τ
]
, (A.4)
where GD(q
2) ≡ GE(q2) is the dipole form factor. Since −q2 ≈ q2⊥ cannot be much larger than Λ2QCD, τ  1 and
the contribution from the magnetic form factor can be neglected. Deriving the equivalent photon momentum
distribution (1) according to [33, §99] and taking into account the form factor results in
ndipole(~q)d
3q =
α
pi2
~q 2⊥
ωq4
(
1− q
2
Λ2
)−4
d3q =
α
pi2ω
~q 2⊥
(ω2/γ2 + q2⊥)2
(
1 +
1
Λ2
(
ω2
γ2
+ q2⊥
))−4
d3q. (A.5)
The equivalent photon spectrum
ndipole(ω)dω = 2pi
∞∫
0
ndipole(~q)q⊥dq⊥dω =
α
pi
[
(4a+ 1) ln
(
1 +
1
a
)
− 24a
2 + 42a+ 17
6(a+ 1)2
]
dω
ω
, (A.6)
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where a = (ω/Λγ)2. This function monotonically decreases with ω. In the lower energy limit ω  Λγ, where
most of the photons reside,
ndipole(ω)dω −−−→
a→0
α
pi
[
2 ln
Λγ
ω
− 17
6
]
dω
ω
. (A.7)
Comparing this expression with Eq. (2) for Z = 1, we get
qˆ = Λe−
17
12 ≈ 0.20 GeV, (A.8)
which is in a perfect agreement with the previous assumption that qˆ ≈ ΛQCD.
Heavy nucleus form factor is more involved. The most accurate description of the 208Pb form factor appears
to be the Fourier transform of Bessel decomposition of the nucleus charge density distribution [43]:
ρ(r) =

N∑
n=1
anj0(npir/R) for r ≤ R,
0 for r ≥ R,
(A.9)
where j0(x) = sin(x)/x is the Bessel function of order zero, and the values of an and R are provided in Table 4.
The corresponding form factor is
FFourier-Bessel(q
2) =
∫
ρ(r)ei~q~rd3r∫
ρ(r) d3r
=
sin qR
qR
·
N∑
n=1
(−1)nan
n2pi2−q2R2
N∑
n=1
(−1)nan
n2pi2
. (A.10)
Heavy nucleus form factor is often approximated by a monopole formula:
Fmonopole(q
2) ≈ 1
1− q2/Λ2 . (A.11)
The corresponding equivalent photon spectrum is
nmonopole(ω)dω =
Z2α
pi
[
(2a+ 1) ln
(
1 +
1
a
)
− 2
]
dω
ω
. (A.12)
In the low energy limit
nmonopole(ω)dω −−−→
a→0
Z2α
pi
[
2 ln
Λγ
ω
− 2
]
dω
ω
, (A.13)
Table 4: Parameters of the Fourier-Bessel decomposition of 208Pb form-factor (A.10).
Ref. [35]a [36]
R, fm 11.0 12.5
a1 0.627 32× 10−1 1.4396
a2 0.385 42× 10−1−4.1850× 10−1
a3 −0.551 05× 10−1−9.1763× 10−2
a4 −0.269 90× 10−2 6.8006× 10−2
a5 0.310 16× 10−1 2.6476× 10−2
a6 −0.994 86× 10−2−1.5307× 10−2
a7 −0.930 12× 10−2−7.1246× 10−3
a8 0.766 53× 10−2 2.7987× 10−3
a9 0.208 85× 10−2 2.3767× 10−3
a10 −0.178 40× 10−2−1.0125× 10−3
a11 0.748 76× 10−4−2.5836× 10−4
a12 0.322 78× 10−3 6.4297× 10−5
a13 −0.113 53× 10−3 6.5528× 10−5
a14 1.4523× 10−5
a15 −1.4430× 10−5
a There are two sets of parameters in Ref. [35]. The corresponding form factors almost coincide.
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so
qˆ = Λe−1. (A.14)
For Λ = 80 MeV that was used in [37–39], qˆ ≈ 30 MeV. However, this value of Λ apparently approximates
outdated data. Fig. 6 compares monopole form factor with Λ = 80 MeV to form factors calculated through
Fourier-Bessel decomposition with the parameters that were fit to the experimental data available in 1987 [35]
and in 1995 [36] (see Table 4). Monopole form factor with Λ = 50 MeV (qˆ ≈ 18 MeV) used in Section 4.2 is
presented as well for the reference.
−0.2
0
0.2
0.4
0.6
0.8
1
0 0.05 0.1 0.15 0.2 0.25 0.3
F
(q
2
)
q, GeV
Fourier-Bessel from Ref. [35]
Fourier-Bessel from Ref. [36]
Monopole, Λ = 50 MeV
Monopole, Λ = 80 MeV
Figure 6: 208Pb form factors available in the literature and their approximations. The solid black and the dashed
red lines are form factors described through Fourier-Bessel decomposition (A.10). Parameters an and R for the
former were taken from Ref. [36], for the latter—from Ref. [35]. The blue dash-dotted and the green dotted lines
are monopole form-factors (A.11) with the parameters Λ = 50 MeV and Λ = 80 MeV correspondingly.
B Pseudorapidity cut
In order to take the pseudorapidity cut into account, the photon energy ratio x = ω1/ω2 has to be expressed
through the muon pair invariant mass s, muon transverse momentum pT , and muon pseudorapidity η. A collision
of two photons with the energies ω1 and ω2 is shown in Fig. 7. µ
+ with momentum p+ and µ− with momentum
p− are produced in this collision. In the following pT  mµ is assumed, and the muon mass mµ is neglected;
this is valid for the experiments considered in this paper.
γ
ω1
γ
ω2
p−
µ−
p+
µ+
θ1
θ2
Figure 7: γγ → µ+µ− reaction.
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From the conservation of energy and momenta
p+T = −p−T ≡ pT ,
ω1 + ω2 =
√
p2T + p
+2
‖ +
√
p2T + p
−2
‖ ,
ω1 − ω2 = p−‖ − p+‖ .
(B.1)
The last two equations can be expressed through the transverse momentum pT and the scattering angles θ1 and
θ2: 
pT
sin θ1
+
pT
sin θ2
= ω1 + ω2,
pT
tan θ1
− pT
tan θ2
= ω1 − ω2.
(B.2)
The scattering angles are related to pseudorapidity through equation
ηi = − ln tan(θi/2), i = 1, 2, (B.3)
so 
cosh η1 + cosh η2 =
ω1 + ω2
pT
,
sinh η1 − sinh η2 = ω1 − ω2
pT
.
(B.4)
Elimination of η2 results in the equation
e2η1 − 2ω1
pT
eη1 +
ω1
ω2
= 0. (B.5)
Substitution of ω1 =
√
sx/4, ω2 =
√
s/4x leads to
e2η1 −
√
sx
pT
eη1 + x = 0. (B.6)
The solution of this equation with respect to x is
x = e2η1 · (1±
√
1− 4p2T /s)2
4p2T /s
= e2η1 · 1±
√
1− 4p2T /s
1∓√1− 4p2T /s . (B.7)
With η1 varying from −ηˆ to ηˆ, x varies in the following intervals:
e−2ηˆ · 1 +
√
1− 4p2T /s
1−√1− 4p2T /s <x < e2ηˆ · 1 +
√
1− 4p2T /s
1−√1− 4p2T /s ,
e−2ηˆ · 1−
√
1− 4p2T /s
1 +
√
1− 4p2T /s
<x < e2ηˆ · 1−
√
1− 4p2T /s
1 +
√
1− 4p2T /s
.
(B.8)
To satisfy both η1 < |ηˆ| and η2 < |ηˆ|, the intersection of these intervals has to be selected. Hence
1/xˆ < x < xˆ where xˆ = e2ηˆ · 1−
√
1− 4p2T /s
1 +
√
1− 4p2T /s
. (B.9)
When applying these inequalities to setup the integration domain for the equivalent photon approximation, a
check that the photon energy does not exceed the cutoff energy qˆγ is required:
xˆ <
(2qˆγ)2
s
. (B.10)
This is always true for the reaction pp(γγ)→ ppµ+µ− with the cuts implemented in [29]. However, in the case of
Pb Pb (γγ)→ Pb Pb µ+µ− reaction, this inequality provides an additional cut on x which should be accounted
for when calculating the fiducial cross section with cutoff qˆ.
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